These techniques are capable of mapping thermal or chemical information with unprecedented spatial resolution. The common key issue in realizing these promising metrologies is the precise measurement of a small temperature rise in a highly localized manner and has motivated the development of a thermal AFM probe, whose tip is functionalized as either a thermocouple [6] [7] [8] or a resistive heater thermometer. [9] [10] [11] The spatial resolutions achievable with thermal probes have been well investigated, revealing 50 nm for the thermocouple probe 7 and 140 nm for the heater-thermometer probe 12 dominantly due to a sub-100 nm tip radius. The temperature sensitivity near room temperature is important for many types of measurements but has not been carefully studied below about 50°C. 10, 13 The temperature resolution is also important, particularly near room temperature but no published article has fully investigated the temperature resolution of thermal probes. This paper reports the temperature sensitivity and resolution of a doped-silicon AFM microcantilever probe near room temperature. As shown in Fig. 1 , the doped-silicon probe has a low-doped region integrated at the free end that functions as either a heater or a resistive thermometer. 10 This probe has been adopted for various nanoscale thermal applications, including data storage, 14 nanolithography, 15, 16 selfcleaning spectroscopic nanosampling, 17 and electrothermal scanning gate microscopy, 18 most of which require the local heating capability above 200°C. Previous studies have demonstrated that the doped-silicon probe can reach temperature up to 1000°C, and function reliably in vacuum, 19 cryogenic, 20 and liquid 21 environments. However, thermal behaviors of the probe near room temperature have not been rigorously characterized. Several applications of thermal probes would benefit from room temperature thermal characterization, especially infrared measurements and photothermal PTIR, which require sub-100-mK temperature measurements. The experimental investigation on the roomtemperature temperature sensitivity and resolution of the doped-silicon probe will thus facilitate its further use as a sensitive thermometer near room temperature. Figure 1 shows the experimental setup where the dopedsilicon microcantilever was attached to a temperaturecontrolled heater stage. The experimental setup was insulated to exclude interference from the environment. While the heater stage temperature was closed-loop controlled within a ϳ20 mK uncertainty, the cantilever signal was differentially measured in a Wheatstone bridge with 1 k⍀ resistors through the potential difference between A and B, i.e., ⌬V C = V B − V A . The cantilever can be operated in either steady ͑dc͒ mode or periodic ͑ac͒ mode when it is to be used as a thermometer. 20 dc characterization is straightforward to measure a steady ⌬V C using a multimeter under a steady input voltage. For the ac characterization, ⌬V C has harmonic signals under a sinusoidal input voltage and thus can be measured with a lock-in amplifier.
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FIG. 1.
͑Color online͒ An SEM image of the heated microcantilever and the schematic diagram describing the ac and dc characterization experiment. ac characterization is performed with a function generator and lock-in amplifier. dc characterization is performed with a dc power supply and multimeter.
As long as the temperature rise is small, the electrical resistance of the cantilever can be linearized as R C = R 0 ͓1+␣⌬T͔, where R 0 is the cantilever resistance at a reference temperature, ␣ is the temperature coefficient of resistivity ͑TCR͒, and ⌬T is the temperature rise of the heater stage. In dc mode, if the voltage drop across the potentiometer V A is set the same as that across the cantilever at the reference temperature, the cantilever voltage change can be approximated as ͑⌬V C / V C,0 ͒ dc Ϸ͓R 1 / ͑R 1 + R 0 ͔͒␣⌬T, where V C,0 is the cantilever voltage at the reference temperature, and R 1 the sense resistance of the Wheatstone bridge. Thus the temperature can be monitored in real time simply by measuring the cantilever voltage while the sensitivity is S = ͓R 1 / ͑R 1 + R 0 ͔͒␣. In order to prevent self-heating, the input voltage V total is maintained at 10 mV, corresponding to the cantilever power dissipation of 24 nW and, equivalently, the cantilever tip temperature increase Ͻ2 mK.
In ac mode, the cantilever voltage has three harmonics due to periodic power dissipation of the cantilever and the resultant cantilever resistance oscillation. 22 The second and third harmonic signals are two orders of magnitude smaller than the first harmonic signal, 20, 22 and can be ignored when the input voltage is small, e.g., 10 mV-rms, to induce negligible temperature rise. The first harmonic cantilever signal can then be approximated as
where C C is the parasitic cantilever capacitance parallel to the cantilever resistance. 20, 23 The cantilever capacitance is around 10-100 pF depending on the cantilever geometries and operation condition, and its effect on the cantilever electric behaviors is negligibly small up to 30 kHz. 20, 23 Although not shown here, the out-of-phase cantilever voltage signal, the imaginary part of the above equation, is six orders of magnitude smaller than the in-phase signal even at 100 kHz, consistent with the previous studies. Thus the ac cantilever signal can be further simplified the same as the dc case, i.e., ͑⌬V C / V C,0 ͒ ac Ϸ͓R 1 / ͑R 1 + R 0 ͔͒␣⌬T, suggesting that the ac cantilever signal is linear with temperature and has the same slope as the dc signal. However, the noise level is much lower in ac mode compared to dc mode, resulting in better temperature resolution. For this type of doped silicon heated cantilever, the cantilever noise is about 1 V / Hz 1/2 .
10 Figure 2͑a͒ shows the cantilever voltage change as a function of the temperature rise ⌬T for both steady and periodic signals. For the periodic operations only the in-phase cantilever voltages are plotted in figures, as the out-of-phase cantilever voltage is negligibly small. The slope of the temperature response for the ac signals is similar to that of the dc temperature response, which confirms that both signals are linear functions of temperature with the same sensitivity. The inset of Fig. 2͑a͒ shows cantilever signal versus the measured frequency range at ⌬T = 1 K. The uncertainty of a signal is critical in determining the measurement resolution for a small temperature change. Figure 2͑b͒ shows the uncertainty of the cantilever signal as a function of temperature rise, ⌬T. The uncertainty of the periodic signal is an order of magnitude smaller than that of the steady signal.
The cantilever temperature sensitivity is the cantilever signal per change in temperature, ⌬V c / V c / ⌬T, which is the slope of the data in Fig. 2͑a͒. Figure 3͑a͒ shows the cantilever temperature sensitivity at different frequencies of the ac signal. Within this frequency range, the sensitivity remains within 5% of its mean value. The mean sensitivity of the microcantilever is 0.0011 K −1 , for which the equivalent TCR is 0.0029 K −1 . This value is around 75 % of the TCR of bulk platinum ͑Pt͒, 0.0039 K −1 , and more than twice as sensitive as previously reported micro/nanothermometers such as a Pt nanothermometer ͑0.0007 K −1 ͒, 12 an electrodeposited Pt nanowire ͑0.0014 K −1 ͒, 24 and a polycrystalline Pt nanofilm ͑0.0013 K −1 ͒. 25 The temperature resolution of the cantilever indicates the smallest step change in temperature that could be measured in a given integration time and can be determined by the noise, or average uncertainty U avg , and the sensitivity S, i.e., U avg / S. Figure 3͑b͒ shows the cantilever temperature resolution over a range of frequencies. When compared with the dc temperature resolution over 100 mK, the ac measurement improves the temperature resolution by more than one order of magnitude, achieving the smallest resolution of 5 mK at 10 kHz. For operation frequency over 20 kHz, the temperature resolution begins to increase with a larger uncertainty because the electrical impedance plays a significant role in the cantilever response. 23 While the temperature linearization works well for the small temperature range measured here, the cantilever resistance is highly nonlinear over the range 300-1000 K. 10 The FIG. 2 . ͑Color online͒ The measured results on the electrical and thermal responses of the cantilever. ͑a͒ Relative change in cantilever voltage corresponding to temperature change relative to room temperature. The inset is the normalized drop across the cantilever vs frequency at a maintained ⌬T at 1 K. ͑b͒ Uncertainty of the percent change in cantilever voltage corresponding to temperature change relative to room temperature.
temperature of the heated cantilever can be calibrated using a Raman spectroscope with an uncertainty of Ϯ2.1 K for a temperature range of 300-500 K. 13 Comparing the above results to the Raman calibration, the cantilever TCR obtained in the present study, 0.0029 K −1 , falls within the uncertainty of the TCR determined from Raman calibration, 0.0031Ϯ 0.0003 K −1 . This paper reports the temperature sensitivity and resolution of a doped-silicon microcantilever probe near room temperature. For both steady ͑dc͒ and periodic ͑ac͒ operation, the cantilever signal has a linear relationship to the change in temperature relative to the room temperature. The temperature resolution for the ac mode is estimated to be as small as 5 mK, more than 20 times smaller than that of the dc mode. This temperature resolution is sufficiently low to measure infrared signals near room temperature, and will enable sensitive measurements for fundamental heat transfer studies and infrared spectroscopy as well as applications of heated cantilever sensors such as calorimetry and thermogravimetry.
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